INTRODUCTION {#sec1-1}
============

Furosemide (FSM), is a loop diuretic ([@ref1]) being used in the treatment of edematous states associated with cardiac, renal and hepatic failure and in treatment of hypertension ([@ref2]). It inhibits the Na^+^/K^-^/2Cl^-^ transporter in the ascending limb of the loop of Henle ([@ref3]). FSM is available in the oral and intravenous (i.v.) formulations and i.v. FSM is twice as potent as oral FSM ([@ref4]). The diuretic effect of oral FSM is apparent within 30 min to 1 h and is maximal in the first or second hour. The duration of action is usually 6-8 h. After i.v. administration of FSM, diuresis occurs within 5 min, reaches a maximum within 20-60 min, and persists for approximately 2 h. FSM is approximately 95% bound to plasma proteins in healthy individual ([@ref2]). However, in patients with severe liver cirrhosis and ascites, hypoalbuminemia occurs and i.v. FSM is recommended to be administered frequently that may lead to patient non-compliance ([@ref5]).

Since no prolong release preparations of FSM is available ([@ref2]), we have tried to formulate long circulating chitosan coated and conjugated poly (lactide-co-glycolide) (PLGA) nanocarriers to sustain the delivery of FSM. Further, it has been reported that co-polymeric nanocarriers are emerging as safe and alternate delivery system and have achieved significant success in overcoming the challenges of delivery and residence time and have been extensively studied to develop nanocarriers drug delivery system (NCDDS) ([@ref6]). PLGA, an FDA approved non-cytotoxic, biocompatible and biodegradable polymer, is being investigated as NCDDS for sustained drug delivery ([@ref7][@ref8]). PLGA is a product obtained due to co-polymerization of poly lactic acid (PLA) and poly glycolic acid (PGA) which exhibits decent mechanical properties, low immunogenicity, low toxicity, and a predictable pharmacokinetic property ([@ref9]).

Because of presence of methyl side groups in side chains of PLA, it is less hydrophilic than PGA and hence lactide rich PLGA co-polymer are more hydrophobic, absorbs less water and subsequently degrade more slowly ([@ref10]).

PLGA can be synthesized in size range of 10-1000 nm and can be used to encapsulate FSM ([@ref11]). When the diameter of carrier is less than the diameter of the smallest blood capillaries (4 μm), parenteral administration of drug loaded NCDDS can be facilitated, curtailing any possible embolism ([@ref12]). The degradation of PLGA occurs through hydrolysis of ester linkages. The biodegradation of PLGA changes its properties which affects the release and degradation rate of encapsulated drug molecules ([@ref10]).

Additionally, literature reviews suggest that the dose and composition of NCDDS affect blood clearance and uptake by the mononuclear phagocyte system ([@ref13]). Moreover, the whole body autoradiography and quantitative distribution experiments indicate that PLGA nanoparticles accumulate rapidly in the liver, bone marrow, lymph nodes, spleen, and peritoneal microphagous ([@ref14]). The PLGA exhibits a non-linear and dose-dependent biodistribution and pharmacokinetics and it degrades rapidly at the initial stage (approximatly 30%) and slows subsequently ([@ref15]).

The impact of surface modification have been studied in order to minimize above challenges and incorporation of hydrophilic polymers such as chitosan as surface modifying agent can significantly improve its systemic circulation and half-life (sustain release property) ([@ref16]). Chitosan, a derivative of chitin, is a biodegradable, biocompatible cationic polymer ([@ref17]) with low toxicity, remarkably increases cellular uptake of PLGA NCDDS ([@ref18]). Further, modifying the PLGA surfaces with chitosan also reduces the opsonization by phagocytic mononuclear systems and hence is less susceptible to reticuloendothelial system (RES) uptake and decreased accumulation resulted in liver and spleen ([@ref19]).

Hence, prolonged release action of FSM loaded chitosan-conjugated PLGA nanoparticles could be achieved. It has been evidenced that chitosan modified PLGA nanocarriers prevents the entrapped drug from oxidation hence retaining the antioxidant activity of the bioactive ingredients to deliver it effectively to the cells without causing any possible adverse effects to the cells ([@ref20]). Additionally, in the presence of chitosan, colloidal behavior of PLGA nanoparticles have also been studied and it was observed that the surface charge of the particle was reduced because of strong electrical interactions ([@ref21]) and thus improving stability of resulting NCDDS ([@ref22]). It has been reported that the positively charged PLGA-chitosan nanoparticles get attracted by negatively charged cellular membranes resulting in enhanced cellular uptake ([@ref16]).

Based on the above mentioned facts, it has been anticipated that the surface modification of PLGA particles by hydrophilic polymer chitosan could limit the opsonisation and hence restricts RES (monocytes, macrophages, and kupffer cells) recognition, ensuring prolong systemic circulation of FSM. The reduced uptake by RES and enhanced residence time of FSM in blood circulation could open up new avenues to overcome frequent dosing and non-patient compliance in patients suffering with severe liver cirrhosis.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Materials {#sec3-1}

PLGA with a L/G ratio of 75:25, MW 66-107 kDa and inherent viscosity of 0.55-0.75 dL/g and Tween 80 were purchased from Sigma Aldrich (Sigma Aldrich, Saint-Louis, MO, USA). FSM of purity 99%, chitosan (extra-pure), 2-(N-morpholino) ethanesulfonic acid (MES), 4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), acetic acid, sodium hydroxide and sodium carbonate were purchased from Sisco Research Laboratories, (Mumbai, India). 1-(3- Dimethyl aminopropyl)-3-3-ethylcarbodiimide hydrochloride (EDC), N-hydroxy succinimide (NHS), and ethyl acetate were purchased from Himedia Laboratories, (Mumbai, India). Methanol was purchased from Loba Chemie Pvt. Ltd, (New Delhi, India).

### Methods {#sec3-2}

Statistical model

A 2^3^ full factorial model has been used for optimization of diuretic drug loaded nanocarriers. The three independent variables taken are amount of FSM, a diuretic drug as X~1~, amount PLGA as X~2~, amount of chitosan as X~3~. The parameters that were studied as a function of these independent variables are particle size (Y~1~), polydispersity index (Y~2~), and percentage of encapsulation (Y~3~). It is assumed that all the parameters depend on all the three independent variables X~1~-X~3~. It is further assumed that the result also depend on interaction between these variables that are X~1~X~2~, X~1~X~3~, X~2~X~3~. The following equation was used.

Y= bo + b~1~X~1~ + b~2~X~2~ + b~3~X~3~ + b~4~X~1~X~2~ + b~5~X~1~X~3~ + b~6~X~2~X~3~.

In the above equation, X~i~ for i = 1, 2, 3 are the independent variable, Y is the dependent variable and b~i~, for i = 1, 2, 3 are measure of the change in average Y for change in corresponding X~i~ from low to high value. The analysis was done using JMP 13 trial version.

### Formulation of FSM-loaded PLGA nanoparticles {#sec3-3}

Conventional methodology of O/W emulsion-solvent was used for formulation of FSM-loaded PLGA nanoparticles. Drug (6 mg) was added to PLGA (13 mg) ethyl acetate (3 mL) polymeric solution and emulsified in 7 mL of 1 % Tween 80 aqueous solution. The resultant emulsion was subjected for further stirring at a speed of 12,000 rpm for 20 min at 4 °C by using Remi C-24 cold centrifuge to obtain the nanoparticles and was subsequently washed twice, with MES buffer (100 mM) in double distilled water. Then, the double washed nanoparticles were redispersed by using Spinix-vortex shaker ([@ref23]).

### Preparation of chitosan-coated PLGA nanoparticles {#sec3-4}

Chitosan coating onto the PLGA nanoparticles was achieved by adding 3 mL chitosan solution (0.2% (w/v)) in aqueous acetic acid (1% (w/v)) to the PLGA nanoparticle suspension in MES buffer ([@ref24]).

### Preparation of chitosan-conjugated PLGA nanoparticles {#sec3-5}

Activation of carboxylic groups of PLGA was achieved by NHS and EDC (0.1 M solution) by dissolving 0.115 g of NHS and 0.19 g of EDC in 10 mL of HEPES buffer (20 mM). NHS (5 mL) and EDC (0.1 M solution) was added to PLGA nanoparticle suspension, followed by 3 h stirring at room temperature and 20 min centrifugation at 10,000 rpm at 4 °C. The obtained nanoparticles were washed in distilled water (5 mL) and re-suspended in HEPES buffer (5 mL) followed by sonication using a Spinix-vortex. Chitosan-conjugated PLGA nanoparticles were obtained by addition of chitosan suspension (5 mL) to the activated PLGA nanoparticle suspension followed by 12 h stirring at room temperature and 20 min centrifugation at 10,000 rpm at 4 °C ([@ref25]).

### Nanoparticles characterization {#sec3-6}

Drug polymer compatibility by FTIR spectroscopy

FTIR spectra\'s of chitosan, PLGA, FSM, chitosan-conjugated PLGA, blank and FSM loaded nanoparticles were obtained by using KBr pellet method using FTIR spectrophotometer (Perkin Elmer Spectrum Two, Waltham, Massachusetts, USA).

Particle size and surface charge analysis

Photon correlation spectroscopy was used to determine the particle size of PLGA nanoparticles, chitosan-coated PLGA, and chitosan-conjugated PLGA nanoparticles using Zetasizer (Malvern instruments Ltd, Malvern, UK).

Zeta potential

The surface electric charge of nanoparticles, depicted as zeta potential was measured by Zetasizer ver. 7.03 (Malvern instruments Ltd, Malvern, UK).

Surface morphology

Scanning electron microscope

Surface morphology of PLGA, chitosan-coated PLGA, and chitosan-conjugated PLGA nanoparticles were visualized using EVO-18, MA15/18 (ZEISS Supra 40) and scanning electron microscope (SEM) images were obtained at 30 KX magnifications and at electron beam voltage (EHT) of 5 kV.

Transmission electron microscope study

Surface morphology of PLGA and chitosan modified nanoparticles were performed using Tecnai G2 20 TWIN analytical transmission electron microscope (TEM). 10 μg/mL nanoparticles were dried on copper grids and images captured after staining.

Atomic force microscopy study

The NTEGRA PRIMA-atomic force microscope (AFM) NT-MDT was used in tapping mode, at high resonant frequency and scan speed of 0.5 Hz. The measurements were obtained using AFM image analysis software (NOVA-Px-3.1.0-Rev 3880).

Powder X-ray diffraction study

Miniflex 300/600 automated desktop X-ray diffraction system (Rigaku) was used for powder X-ray diffraction (PXRD) analysis using Ni-filtered Cu Ka radiation at 40 kV and 15 mA. Angle of diffraction was analyzed from 5° to 50° with step width of 0.05° and scan speed of 4°/min. PDXL software (Rigaku) was used for interpretation of diffraction patterns ([@ref26]). Since, the tape was used during XRD for PLGA sample, the diffraction pattern of blank tape (graph 4G) was also taken into account to eliminate its XRD characteristic peaks while analyzing XRD data of PLGA.

In vitro drug release studies

FSM release pattern from PLGA nanoparticles, chitosan-coated PLGA, and chitosan-conjugated PLGA nanoparticles was studied using dialysis membrane diffusion method. Specifically, 1 mL of nanoparticle suspension was taken into inner dialysis membrane (molecular weight cut off 12-14 kDa, Himedia laboratories, Mumbai, India), hermetically sealed and immersed into 20 mL of 0.1% (v/v) of Tween 80 aqueous solution of alkaline phosphate buffer (pH 7.4) followed by stirring at 100 rpm at 37 °C. From the outer media, samples (1 mL) were withdrawn at predetermined time intervals of 2, 4, 6, 8, 10, 12 h and the sink condition was maintained by replacing the withdrawn amount with freshly prepared phosphate buffer. The FSM content was determined by UV spectrophotometer (Shimadzu 1800, Tokyo, Japan) at 276 nm and the percent drug release was calculated at each time point interval ([@ref27]).

In vivo pharmacokinetic study

Animal handling and caring protocols, approved by the Institute of Medical Sciences (IMS), Banaras Hindu University (BHU), were followed. Charles foster adult male rats (200-250 g) were provided by Central Animal House (IMS, BHU) and taken care at departmental animal room of pharmacology (IMS, BHU). One week prior to the experiments, the animals were acclimatized to normal room temperature and relative humidity of 50-60% under natural light/dark conditions and given appropriate feed and water. The study guidelines of Committee for the Purpose of Control and Supervision on Experiments on Animals were approved (Registration No. Dean/2018/CAEC/817). After acclimatization for one week, 4 animal groups (3 treatment groups including PLGA, chitosan-coated PLGA, and chitosan-conjugated PLGA; and one control group) with 3 rats in each group, were recruited. Control group (group 1) received an i.v. injection of suspension of the FSM (6.6 mg/kg of FSM), group 2 received an i.v. injection of PLGA nanoparticle (6.6 mg/kg of FSM), group 3 received an i.v. injection of chitosan-coated-PLGA nanoparticle (6.6 mg/kg of FSM) and group 4, received an i.v. injection of chitosan-conjugated-PLGA nanoparticle (6.6 mg/kg of FSM). Dosage requirement was met by concentrating the nanoparticles to 1 mL. For groups 2-4, blood samples were collected at time interval of 0, 2, 4, 6, 8, 12, and 24 h after administration of nanoformulations and for group 1, blood samples were collected at time interval of 0, 2, 4, 6, 8 h after administration of FSM suspension. Plasma samples for HPLC analysis were prepared by 10 min centrifugation at 11,000 rpm and stored at -20 °C ([@ref28]).

To the 50 μL of serum, 5 μL of p-nitrophenol (1100 μg/mL, internal standard) was added. The samples were acidified with 5 μL of 2 M H~3~PO~4~, followed by extraction with ethyl acetate (200 μL), dried under N~2~ (gas) and restored in 30 μL of mobile phase \[0.01 M KH2PO4 (pH 5.5)- MeOH (63:37, v/v)\]. Subsequently, 20 μL sample was injected to the column. HPLC system comprised of a Shimadzu LC-20 AD HPLC pump and a model SPD-M20A 230 V Shimadzu UV-visible detector and a Nucleosil C18 (250 × 4.6 mm I.D., particle size 10 nm) analytical column. The detector operates at 276 nm and the flow rate was isocratic at 1.5 mL min^-1^. Retention time for this system for FSM and p-nitrophenol were 8.275 and 10.059 min, respectively.

The FSM concentration in plasma was determined using the standard curve obtained for known concentrations of FSM in plasma ([@ref29]).

Statistical analysis

Results are being represented as mean ± standard deviation (SD). Student\'s *t*-test was used for comparison of mean data of particle diameter, encapsulation efficiency, *in vitro* and *in vivo* results. Results corresponding to the value of *P* \< 0.05 were considered as significant.

RESULTS {#sec1-3}
=======

The effect of independent variables (X~1~, X~2~, X~3~) on the dependent variables (Y~1~, Y~2~, Y~3~) using the 2^3^ full factorial model, led to the Pareto plot ([Fig. 1A](#F1){ref-type="fig"}) and the cube plot ([Fig. 1B](#F1){ref-type="fig"}) to draw the inference. In the cube plot, which was plotted for Y~1~, the independent variable X~1~ when moved along the edge of the cube for which X~2~ and X~3~ were constant, changing it from the lower to higher values; significant variation was observed in the value of Y~1~. Similarly, when X~2~ was moved from lower to higher value along the respective edges, changes in the corresponding values of Y~1~, was quite low as compared to case with X~1~, but result is significant for both the variables. It was further observed that the corresponding changes in the values of Y1 with change in X~3~ from low to high value along the three edges of the cube is in accordance with the variation observed in X~2~ and X~3~ but along one edge it showed deviation.

![(A) Pareto plot showing the effect of the formulation variable and their interaction on the size (top) and on the percentage encapsulation (bottom), (B) cube plot for the mean particle size (on left) and for the percentage encapsulation (on right) with the formulation variables, (C) parameter estimate showing the *P* value for the mean particle size (top) and for the percentage encapsulation (bottom).](RPS-14-93-g001){#F1}

Similar inference can be drawn from the Pareto plot and parameter estimate ([Fig. 1C](#F1){ref-type="fig"}), the value of *P* obtained are *P* = 0.0136 for X~1~, *P* = 0.0214 for X~2~, and *P* = 0.2233 for X~3~. The significantly low value of X~1~ shows its dominant contribution. While the relatively high value of *P* for X~2~ shows its less dominance yet significant contribution in Y~3~, but the value of *P* for X~3~ is \> 0.05 hence the contribution of X~3~ in determining the Y1 is insignificant though high value of X~3~ is required which can be explained as, moving from low value (0.1) to high value (0.2) along the three edges of the cube in the cube plot resulted increased particle size and along one edge it resulted decrease in particle size which may be due the negative interaction (X~1~X~3~) value of -5.46 ([Fig. 1C](#F1){ref-type="fig"}). The interaction term that is X~1~X~2~, X~1~X~3~, and X~2~X~3~ all have their *P* value \> 0.05 so are insignificant and hence have negligible contribution to the Y~1~. The R^2^ = 0.99 which shows that our model can explain 99% of the deviations in the value of Y~1~.

Similarly, for the Y~3~ and the independent variables X~1~, X~2~, and X~3~ from [Fig. 1C](#F1){ref-type="fig"}, we obtain the similar result that is the dominant effect of X~1~ with *P* value of 0.0090 and less dominant yet significant for X~2~ with *P* value of 0.0214, and the insignificant contribution of X~3~ with *P* value of 0.0520. But the high value of X~3~ is explained by the cube plot. The interaction term X~1~X~2~, X~1~X~3~, X~2~X~3~ have *P* value greater than 0.05 and hence are not affecting Y~3~. The R^2^ value of 0.99 for this case also shows that our model can explain 99% of the deviations in the value of Y~3~. The model does not fit on Y~2~ as the overall *P* value comes out to be greater than \> 0.05. The best result is obtained for higher value of X~1~, higher value X~2~ and higher value of X~3~ for all the three cases. From the Pareto plot it was evident that the FSM amount (X~1~) has a significant effect on particle size (Y~1~) with the *P* value of 0.0136 (*P* \< 0.05) ([Fig. 1C](#F1){ref-type="fig"}) which can be clearly figured out from [Table 1](#T1){ref-type="table"} i.e. with the increase in the X1 (6 mg) in batches F1, F2, F3, and F7, the particle size increases and with the decrease in the X1 (3 mg) in batches F4, F5, F6, and F8 particle size decreases. A similar inference can be drawn for PLGA amount (X~2~) with *P* value of 0.0214 (*P* \< 0.05) ([Fig. 1C](#F1){ref-type="fig"}). The least effect of chitosan amount (X~3~) with *P* value of 0.2233 (*P* \> 0.05) ([Fig. 1C](#F1){ref-type="fig"}) is justified because of the low molecular weight of chitosan.

###### 

Dependent and independent variables for various formulations prepared in this research work.

  Batches   X~1~ (mg)   X~2~ (mg)   X~3~ (%)   Y~1~ (nm)   Y~2~    Y~3~ (%)
  --------- ----------- ----------- ---------- ----------- ------- ----------
  F1        6           13          0.2        350.9675    0.920   62.25
  F2        6           7           0.1        246.9275    0.705   44.30
  F3        6           13          0.1        346.8925    0.915   60.53
  F4        3           7           0.1        136.6125    0.450   23.39
  F5        3           13          0.1        178.2575    0.460   30.43
  F6        3           7           0.2        152.5075    0.503   29.50
  F7        6           7           0.2        228.2625    0.880   49.20
  F8        3           13          0.2        206.1925    0.530   34.75

X~1~, Furosemide; X~2~, poly (lactide-co-glycolide); X~3~, chitosan;Y~1~, particle size; Y~2~, polydispersity index; Y~3~, encapsulation efficiency.

 {#sec2-2}

### FTIR spectroscopy analysis {#sec3-7}

Band at 3400.11 cm^-1^ in chitosan spectrum ([Fig. 2A](#F2){ref-type="fig"}), indicates the combined peaks of the -NH~2~ and -OH group stretching. A distinctive absorption bands appear at 1662.70 cm^-1^ (amide I), 1605.37 cm^-1^ (-NH~2~ bending), and 1393.88 cm^-1^ (amide III). The absorption bands at 1142 cm^-1^ (asymmetric stretching of the -COOOC- bridge), 1072 cm^-1^, and 1052 cm^-1^ (skeletal vibration involving the -COO stretching) are characteristic of its saccharine structure. Characteristic peak of PLGA has been reported at 1752.07 cm^-1^ because of ester group ([Fig. 2B](#F2){ref-type="fig"}) ([@ref30]). Chitosan conjugation to PLGA was established by amide bond formation, observed at weak band of 1643.49 cm^-1^ (amide I band) and a strong band of 1574.31 cm^-1^ (amide II band) ([Fig. 2C](#F2){ref-type="fig"}). In chitosan-coated nanoparticles these two amide bands were absent ([Fig. 2D](#F2){ref-type="fig"}).

![Fourier-transform infrared spectroscopy spectra of (A) chitosan, (B) PLGA, (C) chitosan-conjugated PLGA nanoparticles, (D) chitosan-coated PLGA nanoparticles, (E) FSM, (F) blank nanoparticles, (G) FSM-loaded nanoparticles. PLGA, poly (lactide-co-glycolide); FSM, furosemide.](RPS-14-93-g002){#F2}

The characteristic peak representing saccharine structure of chitosan is present in both chitosan-coated and chitosan-conjugated PLGA nanoparticles.

Characteristic peak of FSM was seen at 3400 cm^-1^, 3260 cm^-1^, 1665 cm^-1^, and 1560 cm^-1^ ([@ref26]). The 3400 cm^-1^ band shows stretching vibration of -NH~2~ in aromatic ring while the 3260 cm^-1^ band shows stretching vibration of -SO~2~NH~2~, and 1665 cm^-1^ band shows bending vibration of the -NH~2~. The band 1560 cm^-1^ is characterized by carbonyl group asymmetric stretching vibration. The sulfonyl group presents in FSM is characterized by its asymmetric stretching vibration at 1318 cm^-1^ band ([@ref26]). From FSM spectra, sharp characteristic peaks at 3401.61 cm^-1^, 3123.56 cm^-1^, 1665.28 cm^-1^, and 1565.13 cm^-1^ were shown in spectra ([Fig. 2E](#F2){ref-type="fig"}). The characteristic peaks of PLGA and chitosan are present in the blank nanoparticles spectra ([Fig. 2F](#F2){ref-type="fig"}). Spectra of FSM-loaded nanoparticles shows characteristic peaks of FSM, PLGA, and chitosan without showing any significant shift in the absorption peaks ([Fig. 2G](#F2){ref-type="fig"}).

### Zeta potential and particle size {#sec3-8}

The zeta potential (mV) of PLGA nanoparticles was found to be negative (-20.0 ± 2.36 mV) which could be due to the presence of terminal carboxyl groups ([@ref26]). The zeta potential of the chitosan nanoparticles (chitosan-coated and chitosan-conjugated nanoparticles) was found to be less negative which could be due to the presence of terminal amine group ([@ref19]). The mean diameters of the PLGA nanoparticles were 282.22 ± 1.53 nm, chitosan-coated PLGA nanoparticles were 319.88 ± 1.90 nm, and chitosan-conjugated- PLGA nanoparticles were 352.08 ± 1.70 nm ([Table 2](#T2){ref-type="table"}). Thus, the diameters of nanoparticles have been observed in the range of 200 to 500 nm ([Fig. 3C~3~](#F3){ref-type="fig"}). As evident, the incorporation of chitosan to PLGA nanoparticles resulted in increment in particle diameter which was explained by the cube plot ([Fig. 1B](#F1){ref-type="fig"}).

![Scanning electron microscope (SEM) image of (A~1~) PLGA nanoparticles, (B~1~) FSM loaded chitosan-coated PLGA nanoparticles, (C~1~) FSM loaded chitosan-conjugated PLGA nanoparticles; transmission electron microscope (TEM) image of (A~2~) PLGA nanoparticles, (B~2~) FSM loaded chitosan-coated PLGA nanoparticles, (C~2~) FSM loaded chitosan-conjugated PLGA nanoparticles; (A~3~ and B~3~) atomic force microscope (AFM) 2D and 3D images of fFSM loaded chitosan-conjugated PLGA nanoparticles respectively, (C~3~) particle size distribution of FSM loaded chitosan-conjugated PLGA nanoparticles depicted by Zetasizer. PLGA, poly (lactide-co-glycolide); FSM, furosemide.](RPS-14-93-g003){#F3}

###### 

Particle size and zeta potential of poly (lactide-co-glycolide) (PLGA) and chitosan modified PLGA nanoparticles; (n = 3).

  Formulation                              Particle size (nm) (mean ± SD)   Zeta potential (mV) (mean ± SD)   Drug loading (%) (mean ± SD)   Encapsulation (%) (mean ± SD)
  ---------------------------------------- -------------------------------- --------------------------------- ------------------------------ -------------------------------
  PLGA nanoparticles                       282.22 ± 1.53                    -20.0 ± 2.36                      20.24 ± 3.2                    64.10 ± 4.7
  Chitosan-coated PLGA nanoparticles       319.88 ± 1.90                    -11.7± 1.27                       22.03 ± 2.4                    69.79 ± 4.2
  Chitosan-conjugated PLGA nanoparticles   352.08 ± 1.70                    -9.1 ± 1.31                       20.26 ± 1.3                    64.18 ± 3.9

### Surface morphology analysis {#sec3-9}

Scanning electron microscopy

The SEM images of the PLGA, chitosan-coated, and chitosan-conjugated nanoparticles are shown in Fig. [3A~1~](#F3){ref-type="fig"}-[3C~1~](#F3){ref-type="fig"} in 1 μm scale, that shows the particle size \< 500 nm. SEM images exhibit smooth surfaced and spherical shaped particles.

Transmission electron microscopy

Figure [3A~2~](#F3){ref-type="fig"}-[3C~2~](#F3){ref-type="fig"} depicts TEM images of PLGA, chitosan-coated, and chitosan-conjugated nanoparticles. The surface topography indicates a smooth surface without any perforations and cracks and was almost uniform in size. Spherical shape of chitosan-coated and chitosan-conjugated nanoparticles in its peripheral shell as well was confirmed by TEM images. The particles sizes are also in agreement with the results obtained from photon correlation spectroscopy (PCS) and SEM.

Atomic force microscopy analysis

The 2 dimensional (2D) and 3D AFM images are shown in [Fig. 3A](#F3){ref-type="fig"}~3~ and [Fig. 3B](#F3){ref-type="fig"}~3~ respectively. The morphological studies performed by AFM showed uniform and spherical shaped discrete particles without aggregation and smooth in surface morphology with a nano size range of 200 to 400 nm which agrees well with PCS, SEM, and TEM.

Powder X-ray diffraction analysis

The PXRD patterns of the native FSM, chitosan, PLGA, blank nanoparticles, and FSM physical mixture (1:1, w/w), FSM-loaded chitosan coated, conjugated PLGA nano-particles, and tape are shown in Fig. [4A](#F4){ref-type="fig"}-[G](#F4){ref-type="fig"} respectively. As previously reported ([@ref26]), the major peaks of FSM were found to be at a diffraction angle of 11.8°, 18°, 18.5°, 22.1°, 23.9°, and 28.0° respectively ([Fig. 4A](#F4){ref-type="fig"}). Since 75% lactic acid in PLGA imparts amorphous behavior of the polymer, no crystalline peaks were seen in XRD of PLGA ([Fig. 4C](#F4){ref-type="fig"}). Chitosan amorphous nature was confirmed by absence of any diffraction peak ([Fig. 4B](#F4){ref-type="fig"}). Diffraction patterns of physical mixture of FSM and blank nanoparticles ([Fig. 4D](#F4){ref-type="fig"}) showed almost similar peak intensity as in XRD of FSM. FSM-loaded chitosan coated ([Fig. 4E](#F4){ref-type="fig"}) and conjugated PLGA nanoparticles ([Fig. 4F](#F4){ref-type="fig"}) showed decreased peak intensities at the same diffraction angle of FSM suggesting reduced degree of crystallinity of FSM. Comparing the diffraction patterns of physical mixture of FSM and blank nanoparticles ([Fig. 4D](#F4){ref-type="fig"}) and FSM-loaded nanoparticles ([Fig. 4E](#F4){ref-type="fig"}), no significant crystalline deviation was observed, indicating the presence of FSM in the crystal state.

![Powder X-ray diffraction pattern for (A) FSM (pure), (B) chitosan, (C) PLGA, (D) FSM loaded chitosan-coated PLGA nanoparticles, (E) FSM loaded chitosan-conjugated PLGA nanoparticles, (F) blank nanoparticles and FSM (physical mixture, 1:1, w/w), and (G) tape used in XRD of PLGA. PLGA, Poly (lactide-co-glycolide); FSM, furosemide.](RPS-14-93-g004){#F4}

### Determination of encapsulation efficiency {#sec3-10}

Drug encapsulation efficiency of the PLGA, chitosan-coated, and chitosan-conjugated nanoparticles was found to be 64.10 ± 4.7%, 69.79 ± 4.2%, and 64.18 ± 3.9% respectively ([Table 2](#T2){ref-type="table"}). Enhanced drug encapsulation efficiency of the chitosan coated nanoparticles in comparison to PLGA nanoparticles could be due to the addition of chitosan at the surface of the PLGA nanoparticles and conjugated nanoparticles shows almost similar encapsulation efficiency to the PLGA nanoparticles is probably due to the drug loss during the formulation process that may get adhere to the surface of the beaker. The percentage drug loading of the PLGA nanoparticles and conjugated nanoparticles were found to be 20.24 ± 3.2 μg/mg and 22.03 ± 2.4 μg/mg respectively ([Table 2](#T2){ref-type="table"}).

### *In vitro* drug release studies {#sec3-11}

Chitosan modified PLGA nanoparticles showed an *in vitro* drug release of 55.76% and 50.65% ([Fig. 5A](#F5){ref-type="fig"}) from chitosan-coated and chitosan-conjugated PLGA nanoparticles respectively in 6 h, which agrees well with the result obtained by pharmacokinetic study. These nanoparticles showed a sustained release pattern for 12 h. After 12 h of *in vitro* drug release studies the FSM released from the formulations was 86.45%, 74.72%, and 70.23% respectively for the PLGA, chitosan-coated, and chitosan-conjugated nanoparticles.

![(A) *In vitro* drug release profile, (B) *in vivo* pharmacokinetic study of FSM; FSM-PLGA-NP, FSM-chi-coated- PLGA-NP, and FSM-chi-conj. PLGA-NP after *i.v*. injection at an equivalent FSM dose of 6.6 mg/kg. (C) Typical chromatogram, plotted as absorbance (276 nm) *vs*. elution time, showing the separation and detection of FSM and the internal standard; retention times (min) are 8.275 for FSM and 10.059 for p-nitrophenol. FSM, furosemide; PLGA, Poly (lactide-co-glycolide); FSM-PLGA-NP, FSM loaded PLGA nanoparticle; FSM-chi-coated-PLGA-NP, FSM loaded chitosan-coated PLGA; (FSM-chi-conj. PLGA-NP, FSM loaded chitosan-conjugated PLGA nanoparticle.](RPS-14-93-g005){#F5}

### *In vivo* pharmacokinetic study {#sec3-12}

[Fig. 5B](#F5){ref-type="fig"} depicts the FSM concentration in the plasma *vs* time curve obtained after an i.v. injection of FSM suspension, FSM loaded PLGA nanoparticles and FSM-chitosan-conjugated PLGA nanoparticles to Charles foster rats at FSM concentration of 6.6 mg/kg (*n* = 3). Phoenix Winolin 6.4 software was used to evaluate pharmacokinetic parameters and [Table 3](#T3){ref-type="table"} shows the obtained results. [Fig. 5C](#F5){ref-type="fig"} represents the HPLC system generated retention time for FSM and p-nitrophenol at 8.275 and 10.059 min. respectively. The half-life of the chitosan modified PLGA nanoparticles was found to be more than the PLGA nanoparticle and FSM (pure). The maximum concentration of the FSM in FSM-chitosan-conjugated PLGA nanoparticles was found to be after 6 h of the dose administration which is higher than the FSM in which maximum concentration was achieved after 2 h of dose administration. It can be seen that the mean residence time (MRT) for FSM-chitosan-conjugated PLGA nanoparticles was 8.8319 ± 0.93 h which was 6.45 times higher than the FSM. Furthermore, total AUC for FSM-PLGA nanoparticles, FSM-chitosan-coated-PLGA nanoparticles and FSM-chitosan-conjugated PLGA nanoparticles was found to be 2.6, 3.1 and 4.3 times higher than that for FSM at the same dose of 6.6 mg/kg of FSM. The above results indicate that FSM loaded chitosan conjugated PLGA nanoparticles have shown better pharmacokinetic parameters than the FSM loaded PLGA nanoparticles ensuring better sustained effect of the FSM.

###### 

Pharmacokinetic parameters of furosemide (FSM, pure), FSM loaded poly (lactide-co-glycolide nanoparticles (FSM-PLGA-NP), FSM loaded chitosan-coated PLGA nanoparticles (FSM-chi-coated-PLGA-NP), and FSM loaded chitosan-conjugated PLGA nanopaticles (FSM-chi-conj-PLGA-NP) after *i.v.* injection at an equivalent FSM dose of 6.6 mg/kg. Values represent the mean ± SD, n= 3.

  Pharmacokinetics Parameters      FSM (pure)         FSM-PLGA NP        FSM-chi-coated-PLGA NP   FSM-chi-conj-PLGA NP
  -------------------------------- ------------------ ------------------ ------------------------ ----------------------
  Half-life (h)                    0.36 ± 0.11        1.67 ± 0.23        3.04 ± 0.72              3.28 ± 2.01
  AUC (ng h/mL)                    132263.7 ± 239     345796.8 ± 654     414796.7 ± 2021          576750.6 ± 2318
  Mean residence time (h)          0.54041 ± 0.05     2.487321 ± 0.23    4.29869 ± 0.62           4.631952 ± 0.93
  Volume of distribution (mL/kg)   996.52 ± 192.11    3236.39 ± 223.21   3347.76 ± 342.12         3865.80 ± 481.31
  Clearance (mL/h.kg)              1894.72 ± 356.54   1339.56 ± 301.29   893.21 ± 112.10          725.21 ± 109.53
  Relative bioavailability         \-                 2.6                3.1                      4.3

DISCUSSION {#sec1-4}
==========

Formulation and optimization studies of FSM-loaded chitosan-conjugated PLGA nanoparticles were accomplished. Pareto chart ([Fig. 2](#F2){ref-type="fig"}) suggests, X~1~ and X~2~ has significant effect on Y~1~ which manifests an increase in X1 and X2 increases mean particle diameter and vice-versa. Though the effect of X~3~ on Y~1~ is not significant but the best result is obtained for higher value of X~1~-X~3~ for all the three cases explained by cube plot and evident in [Table 1](#T1){ref-type="table"}. The effect of the drug and polymer concentration on the nanoparticle size may be due to the higher resultant organic phase viscosity, which leads to larger nanodroplet formation ([@ref31]). Particle mean diameter was not significantly affected by chitosan (*P* \> 0.05) ([Fig. 1C](#F1){ref-type="fig"}), could be due to its low molecular weight. Results of this study have shown that the nanoparticle size is influenced by amount of the drug and polymer and not the type of surfactant used in the preparation of nanoparticles.

The zeta potential of the control PLGA nanoparticles was negative and on coating and conjugating the PLGA nanoparticles with chitosan, the zeta potential was less negative which could be due to the positive charge on the terminal amine group in chitosan ([@ref19]). The zeta potential of the PLGA nanoparticles was found to be -20.0 ± 2.36 mV ([Table 2](#T2){ref-type="table"}) which are close to -25 mV of ideal stabilization ([@ref32]). It has been reported elsewhere that the negative charge on PLGA nanoparticles is due to the ionization of carboxylic end group of surface polymer. Our results presented here are in accordance with the results reported for this system ([@ref33]). Chitosan conjugation to PLGA was established by FTIR study which clearly confirms the presence of amide bonds in chitosan-conjugated nanoparticles while it was absent in chitosan-coated nanoparticles which agrees well with the study performed by Chakravarthi *et al.* ([@ref34]).

Spherical shape of FSM-loaded chitosan-conjugated PLGA nanoparticles with insignificant aggregation was confirmed by SEM study ([Fig. 3C~1~](#F3){ref-type="fig"}). TEM study confirmed the absence of significant cracks on the nanoparticle surface ([Fig. 3C~2~](#F3){ref-type="fig"}). The nanoparticle size as observed by SEM and TEM correlated well with the size measured by PCS, Zetasizer. With SEM/TEM, the images measured are only two dimensional. Images from an AFM represent data also in 3D view, so that it is possible to measure the height of the nanoparticles quantitatively. 2D and 3D AFM images in Figs. [3A~3~](#F3){ref-type="fig"} and [3B~3~](#F3){ref-type="fig"} respectively, showed smooth nanoparticles surface of all the prepared polymeric nanoparticles without any noticeable pinholes. AFM also revealed that all nanoparticles were spherical in shape. The nanoparticles sizes as observed by AFM correlated well with the size measured by PCS, TEM, and SEM.

In PXRD study, all the characteristic peaks of FSM, chitosan, and PLGA were found to be in accordance with their previously reported crystallography ([Fig. 4](#F4){ref-type="fig"}) that agrees well with the study done by Youm *et al* ([@ref26]). On comparing the diffraction patterns of physical mixture of FSM and blank nanoparticles ([Fig. 4D](#F4){ref-type="fig"}) and FSM-loaded nanoparticles ([Fig. 4E](#F4){ref-type="fig"}), no significant crystalline deviation was observed, indicating the presence of FSM in its crystal state.

The plasma half-life of the FSM loaded chitosan-conjugated PLGA nanoparticles was found to be 3.28 ± 2.01 h which is 2.9 times longer than the FSM that suggest the longer circulation time of FSM loaded chitosan-conjugated PLGA nanoparticle than FSM (pure). Higher AUC value of chitosan modified PLGA nanoparticles than the PLGA nanoparticles could be attributed to the presence of chitosan at the surface of PLGA. Short half-life of FSM was in agreement with its higher clearance (CL) value of 1894.72 ± 356.54 mLh^-1^kg^-1^. In contrast, higher half-life of FSM-PLGA, FSM-chitosan-coated-PLGA, and FSM loaded chitosan-conjugated PLGA nanoparticle was correlated well with their lower CL values 1339.56 ± 301.29, 893.21 ± 112.10, and 725.21 ± 109.53 respectively, that goes well with the study done by DJ Greenblatt ([@ref35]). The higher MRT values of FSM loaded chitosan-conjugated PLGA nanoparticle confirmed the prolonged systemic circulation potential. This may be due to the synergistic sustained effect of the chitosan-PLGA nanoparticles. Volume of distribution (V~d~) of FSM loaded chitosan-conjugated PLGA nanoparticle showed significantly higher value (correlated well with the higher value of half-life) than FSM. The overall observation of higher AUC, half-life, MRT, and Vd, and lower CL of FSM loaded chitosan-conjugated PLGA than FSM (pure) evidently indicate that the present formulation design may prove to be the potential approach for enhancing systemic availability and prolonged systemic circulation of FSM.

CONCLUSION {#sec1-5}
==========

The FSM-loaded nanoparticles were successfully formulated by modified emulsion solvent evaporation method and optimised using 2^3^ factorial design. The formulated nanoparticles were characterized for, particle size (PCS), surface morphology (SEM, TEM, and AFM), polydispersity index, entrapment efficiency, *in vitro* drug release studies, and *in vivo* pharmacokinetic studies. The fabricated nanoparticles obeyed all the parameters specified and were found to be in acceptable limits. A slow and sustained *in vitro* drug release was observed at different time intervals. An improved sustained effect was also observed possibly due to the influence of chitosan conjugation to PLGA nanoparticles. *In vivo* pharmacokinetic studies confirmed that FSM-loaded chitosan conjugated nanoparticles showed significant increase in AUC and proclaimed their prolonged circulation in the blood when compared to FSM-loaded PLGA nanoparticles and FSM-loaded chitosan coated nanoparticles.
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